Abstract: Numerous host and viral factors are capable of causing death of HIV infected cells, uninfected bystander cells, or both. We assessed the relevance of HIV protease in infected cell killing by mutating its obligate substrate for death, procaspase 8. VSV pseudotyped HIV infection of cells expressing WT caspase 8 resulted in apoptotic cell death and generation of the HIV protease specific cleavage product of procaspase 8, casp8p41. Conversely, both cell death and casp8p41 production were inhibited in cells expressing procaspase 8 engineered to be resistant to HIV protease cleavage. Lymph nodes from HIV-infected patients with ongoing viral replication also selectively expressed casp8p41, which colocalized with both infected and apoptotic cells. HIV protease cleavage of procaspase 8 appears to be a necessary event for infected cell killing, which is responsible for infected cell death within lymphoid tissues from HIV-infected patients.
INTRODUCTION
Numerous factors associated with HIV infection are capable of causing cell death. Broadly, these can be categorized as viral proteins capable of initiating or modifying cell death pathways including Tat, env, Vpr and protease or host factors which are modified in a manner which favors cell death including Fas/Fas ligand, TNF/TNF receptor 1, and/or TRAIL/TRAIL receptor 1 or 2 (reviewed in [1] ). Both cells that are directly infected by HIV as well as neighboring uninfected cells die following HIV infection. Potential stimuli which initiate uninfected bystander cell death include soluble Tat, env, and Vpr or death-inducing ligands produced by infected cells acting in trans upon uninfected targets. In reality, it is likely that all of these stimuli cooperatively contribute to the cumulative bystander cell death.
Unlike the situation with uninfected cell death, the molecular stimuli responsible for infected cell death are even less well understood. Such death has been variably described as being lytic or direct cytotoxicity, although the majority of the investigations conclude that infected cells die through apoptosis as evidenced by caspase activation, TUNEL positivity, PARP cleavage, etc (reviewed in [2] ). However, even this conclusion remains controversial due to a series of findings where cell lines deficient in selected apoptosis regulatory proteins were infected with HIV and analyzed for death. Since cell death still occurred in cells deficient in RIP, procaspase 8, and FADD, the authors concluded that such death must be necrotic with apoptotic features [3] . It is noteworthy that even under the conditions examined, 10-15% apoptosis was observed, and therefore the authors acknowledged that HIV infection may directly cause loss of mitochondrial transmembrane potential and release of apoptogenic factors, similar to what has subsequently been described for HIV Vpr [4] . In addition, these authors acknowledged that HIV infec-*Address correspondence to this author at the Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA; Tel: 507-266-5065; Fax: 507-284-3757; E-mail: badley.andrew@mayo.edu § These authors contributed equally. tion might also have a direct effect on caspases, consistent with the known effect of HIV protease on procaspase 8 [5, 6] . Indeed, further evidence of a direct role for apoptosis, but not necrosis in infected cell death is found using the pancaspase inhibitor Z-VAD FMK, which significantly reduces infected cell death [7] , and correlations between rates of HIV disease progression and levels of HIV induced apoptosis [8] [9] [10] .
HIV protease (PR), unlike other HIV proteins, can only cause death of infected, but not uninfected cells. The substrate specificity of PR is sufficiently degenerate that HIV protease activity which is present within the cytosol of infected cells causes cleavage of a wide variety of host proteins including actin, laminin, Bcl-2, e1F4G, and procaspase 8 (reviewed in [11] ). Of these, procaspase 8 is necessary for protease induced cell death since its absence abrogates HIV protease induced mitochondrial depolarization and nuclear fragmentation [5] . The relevance of HIV protease to infected cell killing however is unknown since conflicting data exist concerning the involvement of protease in infected cell death. Heterologous expression of the HIV genome with stop mutations introduced throughout the open reading frames of each HIV protein suggest that protease expression is dispensable for HIV-induced killing, yet in those experiments other HIV proteins, which are known to independently kill, were being overexpressed simultaneously [12] . Other data demonstrating HIV protease-specific cleavage fragments of procaspase 8, which co-localize with both infected and dying cells, argue a more causal role for HIV protease in infected cell death [6] . We have previously shown that HIV protease alone induces cell death through procaspase 8 cleavage producing Casp8p41. The purpose of the current study was to determine whether protease cleavage of Caspase 8 occurs during acute T cell infection and whether this contributes to the overall killing of T cells directly infected with HIV.
MATERIALS AND METHODS

Mutagenesis
Plasmid pcDNA3Flag-caspase8-Myc [5] harboring Arg355Asn356 substitution for Phe355Phe356 was created by site-directed mutation using Quickchange Site-directed Mutagenesis Kit (Strategene). 
Induction of Apoptosis
Electroporation
10
7 of each stable I9.2 clone was transfected with 10 ug of HIV protease gene cloned into pEYFP-C1 or vector control using a BTX Electro Square Porator T820 (320 volts, 20 msec) in 0.3 mls serum free media. The cells were washed with media, and then cultured in media with 10% FBS at a concentration of 2 x 10 6 / ml. After 4 hours, the cells were assayed for viability.
Measurement of Apoptosis
Apoptosis was measured by annexin V PE and TUNEL staining. In annexin-V staining assay, 1 x 10 6 cells were harvested, washed, and stained with 2 l annexin-V PE (BD Pharmingen, San Diego, CA) at 37˚C for 20 minutes. TUNEL staining for detection of apoptosis is according to the manufacturer's protocol (Roche, Nutley, NJ). Flow cytometry was performed using a FACScan (Becton Dickinson Immunocytometry Systems, San Jose, CA), and analysis was done using CellQuest software.
VSV-g Infections
VSV-g pseudotyped HIV virus stock were prepared, as we have previously described [4] . Briefly, 5 g HIV1HxBRUVpr-Env-and 10 g VSV-g plasmids (the ratio 1:2) were co-transfected into 293 T cells. The pseudotyped HIV viruses were concentrated by centrifugation and titrated by the multinuclear activation of galactosidase indicator (MAGI) assay. The I9.2 cells reconstituted by caspase 8 wt and RN mutant were infected at a MOI of 10. The infected cells (10 4 cells/per sample) were harvested each 12 hr postinfection for ATP activity assay (ATP-Glo Bioluminometric Cell Viability Assay Kit.
Casp8p41 Staining
To determine the presence of casp8p41 in apoptotic cells, cells were fixed in 2% paraformaldehyde at 4ºC overnight, then permeabilized with PBS +0.1% NP-40 on ice for 2 minutes. Cells were then incubated with the mouse anticasp8p41 antibody followed, by PE-labeled goat anti-mouse antibody (Becton Dickinson ImmunoCytochemistry) and FITC-labeled rabbit anti-active caspase 3 antibody.
Patient Samples
Patient samples were obtained from the National Disease Research Interchange (NDRI). Immunohistochemistry on frozen sections was done as previously described [13] using the following antibodies: anti-P24 FITC, anti-active caspase 3 FITC, and anti-caspase8p41 PE, plus goat a Mo IgG-PE. This protocol was reviewed and approved by the Mayo Clinic Institutional Review Board.
RESULTS
HIV Protease-Induced T Cell Death Requires WT Procaspase 8
We have previously mapped the site where HIV protease cleaves procaspase 8 as being between phenylalanines at positions 355 and 356, and showed that mutating these residues to Arg (R) and Asn (N), respectively, prevents protease cleavage [6] (Fig. 1) . On the basis of this finding, we have now reconstituted procaspase 8 expression in I9.2 cells, which are normally deficient in procaspase 8 with either WT procaspase 8, or the RN procaspase 8 mutant in order to investigate the role of protease in HIV induced killing ( Fig.  2A) . Since procaspase 8 is involved in the apoptotic signaling induced by a breadth of stimuli, we assessed the apoptotic response of I9.2 cells reconstituted by either wild-type procaspase 8 or the RN procaspase 8 mutant. The viability of untreated I9.2 cells over expressing either WT procaspase 8 or RN procaspase 8 mutant was consistently more than 95%. The stimuli we tested included stimuli which had been implicated in cell death associated with HIV infection including Tat, gp120, nef, Vpr, Fas ligation, TNF and TRAIL (Fig.  2B) . Consistent with procaspase 8 signaling being involved in cell death induced by Tat, Fas ligand, TNF, TRAIL and Env, I9.2 cells stably transfected with vector control underwent minimal cell death in response to these stimuli. However, when these cells were reconstituted with either wildtype procaspase 8 or the RN mutant of procaspase 8, death in response to these stimuli was restored, indicating that the RN mutant of procaspase 8 signals normally in response to these death stimuli. Moreover, vector control, WT procaspase 8, and RN procaspase 8 expressing I9.2 cells died equally in response to the caspase 8 independent stimuli, Vpr and H 2 O 2 . However, HIV protease resulted in significant cell death 
HIV Induced Cell Death Requires WT Procaspase 8
The cleavage of procaspase 8 by HIV protease generates a unique fragment of procaspase 8, which is not produced following other death stimuli, called casp8p41 [6] . Using a monoclonal antibody that specifically recognizes the carboxyl terminus of casp8p41 and does not recognize either full-length procaspase 8 or other caspase 8 processing intermediates, which are produced during apoptosis induced by other stimuli [6] , allows assessment of when HIV protease has cleaved procaspase 8. Since I9.2 cells have low level expression of CD4 (data not shown), robust HIV infection is not possible. Therefore, bulk populations of transfected cells were instead infected with VSV-G-pseudotyped HIV. Since HIV protease can only kill cells that express protease intracellularly, (i.e., infected cells), we used a high MOI of 10, in order to infect a maximal proportion of cells. Infected cells were analyzed for viability (Fig. 3A) , clonogenic potential, (Fig. 3B) , and for casp8p41 expression (Fig. 3C) . Infection of WT procaspase 8 expressing I9.2 cells results in high levels of death as determined by active caspase 3 and high expression of casp8p41. As expected, since the procaspase 8 F355R, F356N mutant is cleaved less by HIV-PR (Fig. 1) , infection of the RN procaspase 8 expressing I9.2 cells resulted in less casp8p41 production, and remarkably, less HIV-induced death. At 60 hours post-infection, I9.2 cells reconstituted with WT casp8 were 57% viable, whereas cells reconstituted with casp8 RN were 92% viable (p<0.05). Thus, introduction of a mutation in procaspase 8 alone is sufficient to achieve two endpoints: 1) abrogating the caspase8 cleavage by protease, and 2) reducing HIV-induced death by blocking production of casp8p41. 
Procaspase 8 Cleavage to Casp8p41 Occurs In Vivo
Having previously shown that HIV protease kills cells through Casp8p41 [6] , and that cell death induced following T cell infection with intact HIV requires procaspase 8 processing by protease, we next assessed whether Casp8p41 occurs in lymphoid tissues from HIV infected patients. Previously, we have shown that Casp8p41 is present in PBL from HIV infected patients predominantly within the CD4 + CD27 + memory subset, and that Casp8p41 positive cells were apoptotic and contained HIV p24, but that only a small percentage of PBL contained Casp8p41. Since recent data suggest that a significant proportion of T cells that die within lymphoid tissues are physically infected with HIV [14] , we chose to examine lymphoid tissues using immunohistochemistry for casp8p41, activated caspase 3 as a marker of apoptosis, and p24 as a marker of HIV infection. First we validated our casp8p41 antibody for use in immunohistochemistry by assessing its immunoreactivity against cells transfected with casp8p41, full length caspase8, or the 43Kd caspase 8 cleavage intermediate (Fig. 4A) . Next, we analyzed at least three different lymph node sections from HIV negative patients, HIV positive patients on suppressive therapy, or HIV positive patients on non-suppressive therapy, for casp8p41, in combination with either HIV-p24 or activated caspase 3. Consistent with our observations in PBL, casp8p41 was detected only in p24 positive infected cells, although not all p24 positive cells were casp8p41 positive (Fig. 4B) . Additionally, all casp8p41 positive cells were active caspase 3 positive (Fig. 4C) , although not all caspase 3 positive cells were casp8p41 positive, indicating that bystander apoptosis is still present, albeit to lesser degrees. The magnitude of casp8p41 staining varied with viral replication; in the HIV negative lymph nodes, no casp8p41 was detected; in HIV-infected patients on suppressive therapy, few casp8p41 positive cells were detected, yet those that were stained strongly positive. Finally, in HIV patients on nonsuppressive therapy, an intense casp8p41 staining pattern was observed, with a greater number of positive cells per section. In all cases, casp8p41 positive cells were p24 positive and active caspase 3 positive. Importantly, and distinctly from our findings in PBL where a minority of cells contained casp8p41, in these lymphoid tissues from patients with nonsuppressive HIV therapy a majority of cells within follicular areas contain casp8p41.
DISCUSSION
It has been difficult to determine which signals trigger death in cells infected by HIV, while these cells are dying. We have overcome this obstacle in two ways. Firstly, by reconstituting procaspase 8 deficient cells with either wildtype or a procaspase 8 mutant, and demonstrating that the protease cleavage resistant procaspase 8 cells signal normally in response to all stimuli tested other than protease, thereby allowing the conclusion that if HIV cell death is reduced in these cells, it must be due to reduced protease initiated death. Secondly, using a neoepitope-specific antibody that recognizes only the procaspase 8 fragment produced following protease cleavage [6] to demonstrate that the presence of casp8p41 in patient tissues is a selective marker of these infected cells which are undergoing death. 
% Casp8 p41
Understanding that HIV protease can kill cells in a caspase 8 dependant manner [5] , via a casp8p41 intermediate [6] has allowed us to assess in our current report, whether this process is a necessary event for infected T cell death. Indeed using a VSV pseudotyped infection, abrogation of procaspase 8 cleavage significantly reduces infected cell death. Consequently, death of HIV infected cells occurs in an HIV protease, caspase 8 dependent manner.
Because the majority of apoptotic cells within lymphoid tissues of HIV-infected patients contain casp8p41, this argues that the majority of cell death in lymphoid tissues occurs in infected, but not bystander cells. This contrasts with data that TUNEL-positive apoptotic cells are predominantly bystander, but not productively infected cells [15] . That study used RNA in situ hybridization with five different riboprobes all of >2KB in length to define productive infection [16] , which was not observed in those TUNEL positive cells [15] . Our knowledge of the molecular events of apoptosis has increased since that study was published; we now know that during the terminal stages of apoptosis, when DNA is fragmented and TUNEL assays become positive, a variety of apoptotic nucleases are activated, notably DFF40 and endonuclease G [17] . Since endonuclease G has a substrate preference for RNA and ssDNA over dsDNA [17] , nascent mRNA transcripts present in apoptotic cell are degraded in parallel with the occurrence of nuclear fragmentation. Therefore, identification of mRNA species of >2KB in cells with fragmented (TUNEL positive) nuclei is an unreliable approach to demonstrate productive HIV infection, since RNA will be degraded at that stage of cell death. Therein lies the difficulty of determining whether infected and apoptotic cells can be identified. Our conclusion that apoptotic cells in lymphoid tissues are predominantly infected and dying by a casp8p41 pathway, but not bystander apoptotic pathways, comes from three complementary observations: 1) casp8p41 is produced only by HIV protease, and therefore is present only in infected cells; 2) casp8p41 colocalizes with HIV p24, and 3) casp8p41 co-localizes with active caspase 3.
CONCLUSIONS
The contribution of infected cell death relative to uninfected (bystander) cell death during HIV infection remains unknown. Certainly, the HIV proteins, Tat, Nef, Env, and Vpr, all contribute to an apoptosis-prone state and/or initiate uninfected cell death in HIV-infected patients. However, identifying HIV protease generated casp8p41 as a dominant (Fig. 4) contd….. (C) Fig. (4) . (A) Hela cells were transfected with the indicated GFP constructs and stained with anti-casp8p41 PE and DAPI. (B) Lymph node sections from HIV negative or HIV infected patients with either suppressed or non-suppressed levels of viral replication were stained with anti-casp8p41 (red) and anti-p24 (green) counterstained with DAPI to identify nuclei and analyzed by confocal microscopy. Results representative of three or more analyses each. (C) Lymph node sections from HIV negative or HIV infected patients with either suppressed or non-suppressed levels of viral replication were stained anti-casp8p41 (red) and anti-active caspase 3 (green) and counterstained with DAPI to identify nuclei and analyzed by confocal microscopy. Results representative of three or more analyses each. 
